Background
Vascular smooth muscle cells (VSMCs) are the major component of arteries, veins, and microvessels, and with a key role in maintaining vascular structure. When there is pathophysiological vascular remodeling after endothelial dysfunction or damage, they will manage their ability to migrate to the intima and proliferate to supplement neointimal lesions [1] . Primary culture of VSMCs is a pivotal in vitro model, which reserves a high degree of plasticity and can be used to study molecular mechanisms related to a specific physiological or pathological response at the cellular level, ranging from contraction to proliferative [2] . Proliferation and migration of VSMCs lead to medial thickening, resulting in structural remodeling, which has a significant role on the processes of hypertension development. Arterial injury stimulates remodeling responses that, when excessive, lead to stenosis [3] . These responses are influenced by miRNAs signaling in vascular smooth muscle cells and other signaling pathways [3] .
MicroRNAs (miRNAs) are a family of endogenous, small, noncoding, single-stranded RNAs about 22 nucleotides in length. They bind to the 3' untranslated region (3'UTR) of target genes and negatively and post-transcriptionally regulate gene expression by degrading and/or preventing translation of their cognate mRNA target [4, 5] . miRNAs play key roles in many cellular processes, such as proliferation [6] [7] [8] , differentiation [9, 10] , migration [8, 11] , and apoptosis [8, 12] . miR-149-5p, also referred to as miR-149, was found to be consistently downregulated in acute cellular rejection that occurred in the process of acute cardiac and renal allograft [13] . Further investigations discovered that miR-149 could endure mitochondrial fission and apoptosis by targeting the pro-apoptotic factor p53-upregulated modulator of apoptosis [14] . miR-149-5p was also found to be a functional molecule by affecting cell proliferation [15] . miR-149 exposed on the vascular wall is not only important for heart and vascular development, but is also critical in cardiovascular pathophysiology such as in myocardial infarction or stroke [16, 17] .
Histone deacetylase 4 (HDAC4), a member of the HDACs family, with an extended N-terminal regulatory domain and a C-terminal tail, is as a crucial manager of cell growth [18] , proliferation [19] , differentiation [20] , and migration [19, 21] in various cell types. HDACs performs a deacetylation process that removes acetyl-groups from hyperacetylated histone, which modifies the nucleosome structure, leading to transcriptional silencing [20] . Recent research revealed that downregulation of HDAC4 inhibits the proliferation of VSMCs and reduces vascular calcification [22] . However, the exact mechanism by which HDACs and miRNA are associated is still poorly understood.
Based on the information above, we explored the effect of miR-149-5p on regulating proliferation, invasion, and migration of VSMCs. We found that HDAC4 expression is inhibited by miR-149-5p, which may contribute to biological functions in VSMCs, potentially providing a potent therapeutic target for VSMC growth-related diseases.
Material and Methods

Cell culture and transfection
The VSMCs and HEK293T were purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China) and were cultured in Vascular Cell Basal Medium (SmBM, Gibco, USA) supplemented with growth factors and 5% FBS (Gibco, USA), according to the manufacturer's instructions. Platelet-derived growth factor bb (PDGFbb, Promega, USA) was added at 20 ng/mL concentration.
For cell transfection, the miR-149-5p mimics, miR-149-5p inhibitor, scramble, and pcDNA3.1-HDAC4 was all obtained from Ribobio (Guangzhou, China). The 50-nM miR-149-5p mimics or inhibitor and 50-nM pcDNA3.1-HDAC4 were transfected into VSMCs using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's instructions. After 48-h transfection, the cells were harvested for further analysis.
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was isolated using a miRVana kit (Ambion, Belgium). Then, we controlled its integrity and concentration using Nanodrop (Thermo Scientific, Belgium). Synthesis of the first strand (cDNA) was performed using oligo (dT) 20 and Superscript II reverse transcriptase (Thermo Scientific, Belgium). Real-time quantitative PCR was performed using the SYBR green mix (Applied Biosystems, Belgium) on a LightCycler® Nano System (Roche, Switzerland). U6 and GAPDH was used as a housekeeping gene for miRNAs or mRNAs. The sequence of primers for qRT-PCR is detailed in Table 1 . The results were analyzed using the relative standard curve of 2 -DD Ct method.
Western blot
Total cell lysate was prepared in RIPA lysis buffer (Cell Signaling Technology, USA) and concentrations of proteins were measured using the Pierce BCA Protein Assay kit (Thermo Scientific, Belgium) according to the manufacturer's instructions. Then, the protein was applied to SDS-PAGE and PVDF membrane (Millipore, USA), then blocked with 5% milk in TBST buffer (Thermo Scientific, USA). Next, we incubated the primary antibodies: anti-PCNA (1: 1000, Abcam UK) and anti-HDAC4 (1: 1000, Abcam UK) or anti-GAPDH (1: 2000, Abcam UK) overnight at 4°C. Then, secondary antibodies (1: 5,000, Abcam UK) were subsequently add to the membranes. Finally, chemiluminescent detection was performed using the ECL system (Millipore, MA, USA).
Cell proliferation assay
The cell proliferation was measured using MTT assay (Sigma, USA). Briefly, 5×10 3 transfected VSMCs were seeded in 96well plates, followed by addition of 10 μL MTT Solution and then incubated at 37°C for 4 h. The cell viability was tested by a Benchmark microplate spectrometer (Bio-Rad, USA) using 450 nm absorbance.
Cell invasion assay
Cell invasion was measured using 6-well insert Transwell chambers (BD Biosciences, USA). The transfected VSMCs (3×10 4 /per well) were first suspended in serum-free medium and then add to the upper chamber, while the bottom chamber contained 10% FBS. After 24-h incubation, the cells attached to the upper chamber was removed gently using a sterile cotton swab, and the cells adhered to the insert membrane of the bottom chamber were fixed in 95% ethanol and stained with 0.1% crystal violet. The number of invaded cells were counted in 5 randomly selected fields under a light microscope.
Wound-healing assay
The wound-healing assay was conducted to measure migration rate of VSMCs, as previously reported [23] . The transfected VSMCs (5×10 4 /per well) were seeded into 6-well plates. After 48-h incubation, parallel wounds with similar widths (<3 mm) were made in each well using a 200-ul micropipette tip. Subsequently, wound closure rates were monitored by photographing after culturing for 24 h.
Luciferase assay
Luciferase assays were performed in HEK293 cells. Cells were transfected with each of the plasmids (HDAC4 3'UTR wild-type [WT], and HDAC4 3'UTR mutant [MUT] at miRNA-149-5p binding site) together with miRNA-149-5p mimics and scramble in 24-well plates. After 48-h transfection, luciferase assays were performed by using a luciferase assay kit (Promega, USA) according to the manufacturer's instructions.
Statistical analysis
Statistical analysis was performed using SPSS 20.0 software (SPSS, Inc., USA). Results are expressed as the mean ±SD. Statistical analysis was conducted by t test or one-way ANOVA. P values less than 0.05 (p<0.05) were considered statistically significant.
Results
miR-149-5p is downregulated in PDGF-bb-induced VSMCs
To examine whether miR-149-5p expression was changed in PDGF-bb-induced VSMCs, we measured cell viability of VSMCs stimulated with PDGF-bb at different doses and action times. Figure 1A , 1B shows that PDGF-bb promoted the proliferation of VSMCs in a time-dependent and dose-dependent manner. Moreover, we found that miR-149-5p was downregulated in PDGF-bb-induced VSMCs in a time-and dose-dependent manner ( Figure 1C , 1D).
Proliferation of VSMCs is inhibited by miR-149-5p
To explore the deep molecular mechanism of miR-149-5p in VSMCs, we constructed loss/gain of function experiments. Our results validated that the expression miR-149-5p was successfully upregulated by miR149-5p mimics and where downregulated by miR-149-5p inhibitor (Figure 2A, 2B ). MTT assay showed that proliferation of VSMCs was clearly decreased when transfected with miR-149-5p mimics in comparison with controls ( Figure 2C ). miR-149-5p inhibitor enhanced the VSMCs proliferation compared with the scramble group and the untreated group ( Figure 2C, 2D ). Furthermore, we found that miR149-5p overexpression suppressed expression levels of proliferationrelated genes such as PCNA in VSMCs, which was dramatically elevated by miR-149-5p inhibitor ( Figure 2E-2G ), indicating that miR-149-5p had an inhibiting effect on cell growth of VSMCs. Migration and invasion of VSMCs are suppressed by miR-149-5p
To assess the potential impact of miR-149-5p on migration and invasion in VSMCs, we performed Transwell assay and scratch test, respectively. Our results showed that invasion was significantly repressed in VSMCs transfected with miR-149-5p mimics, but was facilitated by transfection of miR-149-5p inhibitor ( Figure 3A, 3B ). As shown in Figure 3C , 3D, similar results were found in VSMCs transfected with miR-149-5p mimics, which suppressed migration, while transfection of miR-149-5p inhibitor had the opposite effect. Collectively, our results indicate that miR-149-5p contributes to inhibition of migration and invasion in VSMCs.
miR-149-5p targets HDAC4 in VSMCs
To determine whether miR-149-5p directly regulates HDAC4 through the predicted binding sites in its 3-UTR ( Figure 4A ), we cloned the 3'UTR region of HDAC4 with the binding site of miR-149-5p into a luciferase reporter and co-transfected it into HEK293 cells with miR-149-5p or controls. As shown in Figure 4B , luciferase assays confirmed that HDAC4 was a target gene of miRNA-149-5p. To further investigate whether HDAC4 is regulated by miR-149-5p, cells were transfected with miR-149-5p mimics or inhibitor and controls into VSMCs, and then we measured the expression of HDAC4 at mRNA and protein levels, respectively. Our results show that miR-149-5p mimics inhibited the expression of HDAC4, while miR-149-5p inhibitor showed the opposite effects ( Figure 4C-4E ). These data suggest that HDAC4 is a directly target for miRNA-149-5p.
HDAC4 takes part in regulating proliferation of VSMC
To understand the essential role of HDAC4 in VSMC proliferation, we designed a series of related functional experiments. First, mRNA level of HDAC4 was detected in VSMCs after PDGFbb treatment, showing that PDGF-bb induced HDAC4 expression ( Figure 5A ). Next, using RT-PCR and Western blot analysis, we verified that pcDNA3.1-HDAC4 activates overexpression of HDAC4 ( Figure 5B-5D ). Furthermore, our results demonstrated that overexpression of HDAC4 greatly promoted VSMC proliferation as measured by MTT ( Figure 5E ). Meanwhile, the expression level of PCNA was increased in VSMCs transfected with pcDNA3.1-HDAC4 compared with controls ( Figure 5F-5H ).
All these data suggest that overexpression of HDAC4 strongly promotes VSMCs proliferation. 
HDAC4 restoration rescues miR-149-5p mediated growth, invasion, and migration
Our previous results indicated that HDAC4 is involved in PDGFmediated VSMCs proliferation. To further understand whether miR-149-5p and HDAC4 interaction plays a functional role in VSMCs, we used VSMCs co-transfected with either miR-149-5p mimics or scramble and pcDNA3.1-HDAC4 or empty vector. As shown in Figure 6A , the overexpression of HDAC4 promoted VSMCs proliferation, which was rescued by co-transfected miR-149-5p with pcDNA3.1-HDAC4. Moreover, the Transwell assay and scratch text also indicated that overexpression of HDAC4 promotes VSMCs invasion and migration, which was rescued by co-transfection of miR-149-5p with pcDNA3.1-HDAC4 ( Figure 6B-6E ). Accordingly, we suggest that overexpression of HDAC4 rescues the effect of miR-149-5p on proliferation, invasion, and migration in VSMCs. 
Discussion
Cardiovascular disease has become one of the major causes of death worldwide. Effective therapeutic strategies are limited by poor understanding of the pathogenesis mechanism [1] . Accumulating evidence shows that excessive proliferation and migration of VSMCs plays a role in physiological processes during cardiovascular disease development, and suggests that miRNAs play key roles in regulating some essential steps in progression [24] . Certain miRNAs were found to be suppressive factors for controlling VSMCs proliferation and migration. [26] . There are far more miRNAs that have the opposite effect of promoting VSMCs proliferation and migration. For instance, Yang et al. showed that miR-541 could facilitate growth ability of VSMCs by regulating IRF7, which might be therapeutic strategy for VSMC growth-related diseases [27] . In our study, we first found that the expression of miR-149-5p was downregulated in PDGF-induced VSMCs in a time-and dose-dependent manner, suggesting that miR-149-5p plays an important role in biological functions of VSMCs.
Recent studies have shown that miR-149-5p is involved in many diseases, including acute myeloid leukemia [28] , type 1 diabetes [29] , cancer [30] [31] [32] , and metabolic diseases [13, 33] , showing the possible mechanism of miR-149-5p-mediated disease progression, including direct cellular function regulation, post-transcriptional control of related genes, and activation of key signaling pathways [28] . For example, Li et al.
reported that the expression of miR-149-5p was downregulated in astrocytoma and inhibited cancer cell proliferation and migration, which might serve as a tumor suppressor [34] . In contrast, Fan et al. found that miR-149-5p was abnormally expressed in acute myeloid leukemia, which promotes cancer cell proliferation and arrests the cell cycle and apoptosis, as a result of accelerating tumor progression [15] . Tian et al. also demonstrated that knockdown miR-149-5p induces mitochondrial apoptosis in acute myeloid leukemia cells via regulating FASLG and apoptotic-related genes [28] . However, as a novel miRNA, the function and molecular mechanism of miR-149-5p in VSMCs has not been reported. Our findings show that overexpression of miR-149-5p remarkably suppressed proliferation, invasion, and migration of VSMCs, while knockdown of miR-149-5p showed the opposite effects.
HDAC4 is involved in numerous disease, physiological, and pathological processes [35] [36] [37] , including stimulating proliferation and migration during neointimal hyperplasia [19, 38] . These studies demonstrate that HDAC4 plays a key role in regulation of differentiation and proliferation in many types of cells. HDAC4 also seems to have critical roles in many diseases, including cardiac diseases, cancer, and viral infections [21, 36, 38] . However, the mechanism by which HDAC4 controls the differentiation and proliferation of VSMCs is not clear. mechanism of VSMCs differentiation and proliferation and to provide new targets for diagnosis and treatment of hypertension or cardiac diseases. In the present study, HDAC4 was demonstrated to be a direct target of miR-149-5p and participates in PDGF-induced VSMCs proliferation and invasion. We also found that HDAC4 restoration partly rescued miR-149-5p-mediated growth, invasion, and migration in VSMCs, which means miR-149-5p could regulate biological functions in VSMCs by targeting HDAC4. 
